Background: Genome comparisons have revealed major lateral gene transfer between the three primary kingdoms of life -Bacteria, Archaea, and Eukarya. Another important evolutionary phenomenon involves the evolutionary mobility of protein domains that form versatile multidomain architectures. We were interested in investigating the possibility of a combination of these phenomena, with an invading gene merging with a pre-existing gene in the recipient genome.
Background
Comparative genome analysis has revealed major lateral gene transfer between the three primary kingdoms of life, Bacteria, Archaea, and Eukarya [1] [2] [3] [4] . The best recognized form of lateral gene flux is the transfer of numerous genes from mitochondria and chloroplasts to eukaryotic nuclear genomes [5] . Far beyond that, however, the role of lateral gene exchange, along with lineage-specific gene loss, as one of the principal factors of evolution, at least among prokaryotes, is obvious from the fact that the great majority of conserved families of orthologous genes show a patchy phyletic distribution [6, 7] . In many cases, such families are shared by phylogenetically distant species (for example, bacteria and archaea), while they are missing in some of the more closely related species (for example, bacteria from the same lineage). Correlations have been noticed between the preferred routes of gene transfer and the lifestyles of the organisms involved. Thus, massive gene exchange seems to have occurred between archaeal and bacterial hyperthermophiles [8, 9] , whereas certain parasitic bacteria, for example, chlamydia and spirochetes, appear to have acquired significantly more eukaryotic genes than free-living bacteria [10] [11] [12] .
Another evolutionary trend that is predominant in eukaryotes, but is important also in bacteria and archaea, involves the evolutionary mobility of protein domains that combine to form variable multidomain architectures [13] [14] [15] [16] [17] [18] . Domain fusion is one of the foundations of most forms of regulation and signal transduction in the cell. Examples include prokaryotic transcriptional regulators, most of which consist of the DNA-binding helix-turn-helix domain fused to a variety of small-molecule-binding domains [19] , the two-component signal transduction system that is based on fusions of histidine kinases with sensor domains and of receiver domains with DNA-binding domains [20] , and the sugar phosphotransferase (PTS) systems that include complex fusions of several enzymes [21] . In the evolution of eukaryotes, domain fusion takes the form of domain accretion, whereby proteins from complex organisms (such as animals) that are involved in various forms of regulation and signal transduction tend to accrue multiple domains that facilitate the formation of complex networks of interactions [22] .
We were interested in exploring the possibility of a meeting between these two major evolutionary phenomena -lateral gene exchange and gene fusion -which would result in the formation of multidomain proteins in which different domains display distinct evolutionary provenance. In particular, we sought to identify fusions between domains originating from different primary kingdoms -Bacteria, Archaea and Eukarya -which we term interkingdom gene (domain) fusions (IKFs), and obtain clues to the pathways of IKF origin through comparative genome analysis. We show that, although IKF in general is a rare phenomenon, one bacterial lineage, the Actinomycetes, displays a significantly increased frequency of such events; we also propose a probable mechanism for IKF formation.
Results and discussion
To identify IKFs, all protein sequences encoded in the analyzed genomes were compared to the non-redundant protein database, and those proteins in which distinct parts showed the greatest similarity to homologs from different primary kingdoms were identified (see the Materials and methods section). In most cases, the reported alignments were highly statistically significant, leaving no doubt that true homologs were detected (Table 1) . On the few occasions when the database search statistics in themselves were not fully convincing (for example, the OB-fold nucleic acid-binding domain in the Bacillus subtilis protein YhcN and the methyltransferase domain in the YabN protein, also from B. subtilis), the homologous relationship was validated by detection of the salient sequence motifs known to be involved in the corresponding protein functions (data not shown). Such motif analysis was performed for all analyzed domains in order not only to validate homology, but also to distinguish between active and inactivated forms of enzymes. Figure 1 shows multiple alignments of two domains involved in an IKF, illustrating the conservation of the characteristic functional motifs and the specific similarity between each of the domains of the IKF protein (in this case from Aquifex aeolicus) and their archaeal and bacterial homologs, respectively.
In several cases, the chimeric origin of a gene was obvious at a qualitative level because no homolog of the alien domain with comparable sequence similarity was detected in the recipient superkingdom (Table 1 , Figure 2a,b) . For the rest of the candidate IKFs, phylogenetic tree analysis was performed to corroborate the origin of the invading domain by horizontal transfer; statistically significant grouping of a candidate IKF domain with homologs from the donor superkingdom provides such evidence (Figure 2c,d) . The overall number of confirmed IKFs is relatively small -37 in 21 compared genomes (about 0.1% of the genes) -compared to the total number of likely interkingdom gene transfers. For completely sequenced bacterial genomes this has been conservatively estimated as 1-2% of the genes, with a greater fraction (2-10%) detected in archaea and hyperthermophilic bacteria ( [23] , and K.S. Makarova, L. Aravind and E.V.K., unpublished observations). Examination of the clusters of orthologous groups (COGs) of proteins from complete genomes [6] , in which multidomain proteins are split into the constituent domains if the orthologs of the latter are present as stand-alone forms in some of the genomes, shows that IKFs constitute only a small fraction of all fusions of
Figure 1
Multiple alignments of two domains comprising an interkingdom domian fusion. Alignments of (a) the PHP-hydrolase domain [4] and (b) the pyruvate formate lyase activating enzyme domain of the IKF protein aq_2060 from A. aeolicus. The sequences of the aq_2060 domains are placed with the most similar sequences of the corresponding stand-alone enzymes, bacterial ones in the case of PHP-hydrolase and archaeal ones in the case of the pyruvate formate lyase activating enzyme. The phylogenetic trees produced from these alignments are shown in Figure 2c . The numbers in parentheses show the lengths of regions between the aligned blocks that are not shown. The consensus includes amino acid residues and residue classes that are conserved in 75% of the aligned sequences; the residue classes are as follows: h, hydrophobic; l, aliphatic; a, aromatic; s, small; u, tiny; p, polar; b, big; t, residues with high turn-forming propensity. Asterisks show the predicted active site residues; note the replacements in some of the sequences that are predicted to be inactivated versions of the respective enzymes (see text). The alignments were colored using the BOXSHADE program [30] ; individual residues conserved in at least 50% of the aligned sequences are in red; residues similar to the conserved ones and groups of conserved similar residues are in blue. (18) Pyruvate formate-lyase activating enzyme
PHP-hydrolase
CNh+C. (Figure 3) . Generally, the small number of identified IKFs compared to the total number of inferred horizontal transfer events and the total number of domain fusions could be compatible with a random model of domain fusion subsequent to lateral gene transfer.
However, the distribution of IKFs among genomes is distinctly non-random, suggesting that such a simple model may be incorrect. Specifically, 12 IKFs were detected in Mycobacterium tuberculosis and 10 were found in the yeast Saccharomyces cerevisiae, but only a small number or none was identified in each of the other bacterial and archaeal genomes ( Figure 2 , Table 1 ). The excess of IKFs in Mycobacterium is particularly notable, given that the fraction of genes horizontally transferred from archaea and eukaryotes in the mycobacterial genome is only slightly greater than that in most of the other bacteria, and considerably lower than that in the hyperthermophilic bacteria Aquifex and Thermotoga (K.S. Makarova, L. Aravind and E.V.K., unpublished observations). Similarly, whereas the overall number of domain fusions in M. tuberculosis is greater than in most other bacteria, the difference is insufficient to account for the over-representation of IKFs; furthermore, the cyanobacterium Synechocystis sp. has an even greater overall number of fusions but does not have any detectable IKFs (Figure 3 ). At present, we cannot provide a defendable biological explanation for the comparatively high frequency of IKF in Mycobacterium. It is tempting to interpret this trend in terms of adaptation of this bacterium to its relatively recently occupied parasitic niche, but examination of the individual IKF cases does not offer immediate clues in mycobacterial biology. The yeast IKFs clearly represent relatively recent horizontal transfers distinct from the gene influx from the mitochondria following the establishment of endosymbiosis because, under the protocol of IKF detection used here, only those alien domains were identified that have no counterparts in other eukaryotes.
Most of the IKFs are unique, but B. subtilis, M. tuberculosis and yeast each also encode families of two to three paralogous IKFs, which apparently have evolved by duplication subsequent to the respective fusion events (Table 1) . Strikingly, the same IKF, the three-domain uridine kinase, is shared by Treponema pallidum and Thermotoga maritima ( Table 1 ). Given that these two bacteria are not specifically related and that Borrelia burgdorferi, the second spirochete whose genome has been sequenced, encodes a typical bacterial uridine kinase, the presence of a common IKF in Treponema and Thermotoga cannot be realistically attributed to vertical inheritance of this gene from a common ancestor. It thus probably reflects horizontal transfer of the gene encoding the three-domain protein subsequent to its emergence in either the spirochetes or the Thermotogales.
Two evolutionary issues pertaining to IKFs need to be addressed, namely the mechanism(s) of their origin and the selective forces responsible for their preservation. From general considerations, it seems likely that IKFs have 
(b) (a)
evolved via a two-step process, which involves lateral transfer of the complete gene coding for the IKFs alien portion, followed by domain fusion. This scenario rests on the assumption that the acquired foreign gene is selectively advantageous, because otherwise it would have been inactivated by mutations before recombination could take place. Under this mechanism, the alien portion of an IKF is likely to be present in the recipient genome also as a stand-alone gene. A clear-cut case of such a duplication of a horizontally transferred domain has been noticed in Chlamydia, whose genomes encode the SWI domain, implicated in chromatin condensation, both as a stand-alone protein and as the carboxy-terminal portion of topoisomerase I [10] . Apart from this case, the IKFs fall into two readily discernible classes, namely those from Mycobacterium and all the rest. M. tuberculosis (the only complete genome of an actinomycete available) possesses considerably more IKFs than any other bacterial or archaeal species (see above), and typically, the alien portions of these proteins show high level of similarity to the homologs from the donor superkingdom (eukaryotes). Most significantly, there is also, with a single exception, a stand-alone counterpart in the mycobacterial genome; in some cases, such a counterpart is seen only in a closely related species, M. leprae, and in one case, it is found in Streptomyces, a distantly related actinomycete (Table 1 ). In the other genomes, the IKFs are generally less similar to the apparent donor and, with a few exceptions, stand-alone versions of the alien domains are missing ( Table 1 ). The hypothesis that seems to be most compatible with these observations is that IKFs indeed evolve via a stand-alone, horizontally transferred intermediate, but in the case of ancient IKFs, these intermediates are typically eliminated during evolution, perhaps because their function becomes redundant with the formation of the IKF. The IKFs identified in actinomycetes appear to result from relatively recent gene fusion events so that the original, stand-alone transferred genes are still present in the genome.
The IKFs include a variety of protein functions. Only some of these are well understood such as, for example, those of the bifunctional nucleotide and coenzyme metabolism enzymes that are particularly abundant in yeast (Table 1) . In other cases, the function of an IKF-encoded protein could be predicted only tentatively on the basis of the functions of its constituent domains (Table 1 ). The selective advantage of the formation of multidomain proteins, at least as far as enzymes are involved, lies in the possibility of effective coupling of the reactions catalyzed by the different domains [16] ; this may be generalized also for functional coordination of non-enzymatic domains. Fusion may result in the addition of a regulatory function to an enzymatic one. For example, it appears most likely that the RNA-binding TGS domain [24] in the uridine kinases of Treponema pallidum and Thermotoga maritima is involved in autoregulation of translation. The unusual aspect of the IKFs appears to be the compatibility of evolutionarily distant domains.
Examination of the phyletic distribution of the multidomain architectures of IKFs may help in pinpointing the evolutionary stage at which the fusion (but not necessarily the preceding horizontal gene transfer) has occurred. For example, the fusion of the SWI domain with topoisomerase belongs after the radiation of Chlamydia from other bacterial lineages, but before the radiation of Chlamydia pneumoniae and Chlamydia 
Figure 3
Overall numbers of domain fusions estimated using the COGs and interkingdom domain fusions encoded in completely sequenced genomes. The data for estimating the overall number of domain fusions were from the current COG release [6] , which does not include several bacterial and archaeal species (for example, Aeropyrum pernix and Deinococcus radiodurans) that have been analyzed in the present work (Table 1) . Accordingly, the data for these genomes are not shown in the figure. Finally, it should be noted that formation of some of the IKFs might have required more complex rearrangements of the contributing proteins than simple domain fusion. Figure 4 shows the domain architectures of proteins that contribute domains to two IKFs. In each case, a simple fusion between genes encoding the respective individual domains is insufficient to explain the emergence of the IKF. For example, the uridine kinase example mentioned above (Figure 4a ) should have involved isolation of the TGS-HxxxH domains of threonyl-tRNA synthetase before or concomitantly with their fusion with the uridine kinase. The specific molecular mechanism could have involved selective duplication of the upstream portion of the threonyl-tRNA synthetase gene. Similarly, the sialic acid synthase homologous domain, which is fused to hydroxymethylpyrimidine phosphate kinase in A. pernix and pyrococci, appears to have been derived from twodomain proteins that additionally contain a helix-turn-helix DNA-binding domain (Figure 4b ). These hypotheses of a complex mechanism of gene fusion involved in the emergence of IKFs are based on a limited sample of sequenced genomes. An alternative possibility is that, before the postulated horizontal transfer event, the recipient domain(s) has been encoded by a stand-alone gene; such genes that do not contain the fused alien domain may yet be discovered in newly sequenced genomes. In fact, a stand-alone version of the sialic acid synthase homologous domain is seen in Methanobacterium, although it is considerably less similar to the IKF than the version fused to the HTH domain (Figure 4b ).
The identification of IKFs underscores the complexity of the evolutionary process as revealed by comparison of multiple genomes. In and by itself, this phenomenon may not have a unique biological significance, but it reveals the overlap between two major evolutionary trends, horizontal gene transfer and protein domain rearrangement, and shows that domains, rather then entire proteins (genes), should be considered fundamental units of genetic material exchange.
Materials and methods
Protein sequences encoded in 21 complete genomes of archaea, bacteria and the yeast Saccharomyces cerevisiae were extracted from the Genome division of the Entrez retrieval system [25] . Each protein encoded in these genomes was used as the query in a comparison against the non-redundant protein sequence database (National Center for Biotechnology Information, NIH, Bethesda, USA) using the BLASTP program [26] . For each query, the set of local similarities detected by BLASTP was automatically (using a Perl script written for this purpose) screened for putative IKFs, that is situations in which the query did not have fullsize homologs outside its immediate taxonomic group (for example, the Proteobacteria for Escherichia coli) and in which different regions of the query showed the greatest similarity to proteins from different primary kingdoms. The pseudocode for the script follows:
Let 0 be {h1,h2,... hN) <-hits for the query 3 Lq <-query length TSq <-query superkingdom TFq <-query family for each p < Lq { No <-0 TSbestL <-TSbestR <-for each h in 0 by decreasing score { TSh <-hit superkingdom The script itself is available as an additional data file with the online version of this paper. The candidate IKF cases were further examined to detect situations where one or more distinct regions of the query could be classified as native or alien either on the basis of the lack of close homologs from the respective primary kingdom or using phylogenetic analysis. Multiple sequence alignments were generated using the ClustalW program [27] , and when necessary, manually corrected to ensure the proper alignment of conserved motifs typical of the respective domains. Phylogenetic trees were constructed using the PROTDIST and FITCH programs of the PHYLIP package [28] . Trees were made separately for each domain of a putative IKF, and its mixed ancestry was considered confirmed if the affinities of the domains with different primary kingdoms were supported by bootstrap values of at least 50%. Additional iterative database searches were performed using the PSI-BLAST program [26, 29] in order to predict functions of the individual domains of the identified IKFs in cases when these were not immediately clear.
Additional data
The following additional data are included with the online version of this paper: the Perl script used to screen local similarities for putative IKFs. 
